Because body condition can affect reproduction, research has focused on the role of leptin, a body condition signal, in regulation of reproductive function. Objectives of this study were to determine if leptin supplementation directly affects 1) ovarian follicle growth and function, 2) oocyte maturation, or 3) preimplantation embryo development. Follicles cultured in the presence of recombinant mouse leptin resulted in a significant decrease in rate of follicle, but not oocyte, growth in a dose-dependent manner, with higher doses of leptin inhibiting growth. Leptin was also found to significantly increase stimulated progesterone, estradiol, and testosterone production/secretion by cultured follicles in a dose-dependent manner, with higher concentrations of leptin significantly increasing steroidogenesis. Culture of fully grown cumulus-enclosed germinal vesicleintact (GV) mouse oocytes in the presence of increasing concentrations of leptin (0, 12.5, 25, 50, 100 ng/ml) had no effect on germinal vesicle breakdown (GVBD) or development to metaphase II (MII). Similarly, fully grown denuded oocytes showed no difference in GVBD at any concentration of leptin. However, maturation of denuded oocytes with 100 ng/ml leptin resulted in significantly reduced development to MII compared with oocytes matured with 0 or 12.5 ng/ml leptin. Culture of one-cell mouse embryos in increasing concentrations of leptin had no effect on cleavage or blastomere degeneration at 24 h of culture. Exposure of embryos for the first 96 h of development to increasing concentrations of leptin did not significantly affect total or expanded blastocyst development or hatching of blastocysts from zona pellucida. These results indicate leptin directly enhances insulin and gonadotropin-stimulated ovarian steroidogenesis, compromises denuded oocyte maturation, yet has no direct effect on preimplantation embryo development.
INTRODUCTION
A product of the obese gene [1] , leptin is a 16-kDa protein hormone, produced primarily by adipocytes, that acts on the hypothalamus to regulate metabolism and fat deposition [2, 3] . Systemic leptin concentrations are elevated at times of food ingestion and in individuals with increased body fat [4] [5] [6] [7] [8] [9] . Due to the long-known relationship between nutritional status and reproductive efficiency, recent re-search has focused on the role of leptin in regulation of reproductive function.
Leptin from adipose tissue may signal the reproductive system to indicate whether adequate energy stores are available for normal reproduction [10] . Research along these lines indicates leptin may be important in controlling the hypothalamic-pituitary-gonadal axis and thus influence states of reproductive transitions, such as puberty [11] [12] [13] [14] . Evidence has also emerged indicating a potential direct role for leptin in regulation of mammalian ovarian function as well as oocyte and preimplantation embryo development. Leptin receptors have been identified in theca and granulosa cells [15] [16] [17] , cumulus cells [18] , oocytes [18] [19] [20] , and embryos [21] . In addition, the ovary may be a site of leptin synthesis. Leptin and/or its mRNA have been identified in ovaries [17, 18, 20] , oocytes [18, 20, 22] , and preimplantation embryos [22, 23] . Last, follicular and uterine fluids contain leptin [4, 16, 21, 24] , suggesting its availability to act on follicle, oocyte, and preimplantation embryo leptin receptors.
Direct effects of leptin on regulation of ovarian steroidogenesis have been investigated in numerous cell culture systems and species. Many of these studies indicate leptin attenuates gonadotropin or growth factor-stimulated steroidogenesis in isolated theca [15, 25] or granulosa cells [15, [26] [27] [28] . Additionally, a biphasic effect of leptin was observed in pig granulosa cells, where physiological levels of leptin were stimulatory to activity of steroidogenic acute regulatory protein (StAR) and steroidogenesis, while higher levels resulted in inhibition of StAR expression and estrogen production [29] . Leptin also increases granulosa cell aromatase activity [30] . It is important to note that all of these studies utilized single-cell suspensions of granulosa or theca cells and examined the short-term effects of leptin, conditions that are quite removed from normal ovarian physiological conditions. Because oocytes and embryos contain leptin receptors, recent studies have focused on potential direct effects of leptin on oocyte maturation and early embryo development. Culturing preovulatory mouse follicles in the presence of leptin increased subsequent rates of oocyte germinal vesicle breakdown (GVBD) [20] . However, no effect of leptin was observed on rat oocyte meiosis in vitro [31] . Interestingly, reports on leptin's direct effects on embryo development are contradictory. Leptin exposure during culture of twocell mouse embryos compromised blastocyst development and hatching [32] . Conversely, treatment of two-cell embryos with increasing concentrations of leptin increased development to the blastocyst, expanded blastocyst and hatched blastocyst stages, while increasing the total blastocyst cell number [21] . However, studies have not assessed effects of leptin on the one-to two-cell transition, which includes zygotic genome activation (ZGA), a developmentally sensitive transition state. To further confuse the issue, a significant positive correlation was found between elevated leptin:body mass index (BMI) ratios and inferior quality of human embryos, resulting in lower implantation and live birth rate [33] . With such little research done in this area and with conflicting findings such as these, it is apparent that further studies are required to assess leptin's direct role in the regulation of oocyte meiotic maturation and early preimplantation embryo development.
Taken together, these findings suggest leptin may act directly on the mouse ovary to modulate function. Leptin may also be directly regulating oocyte maturation and preimplantation embryo development. This research examines the direct effects of leptin on regulating mouse follicular growth and steroidogenesis, oocyte maturation and interaction with cumulus cells, and preimplantation embryonic development.
MATERIALS AND METHODS
All procedures described within were reviewed and approved by The University Committee on Use and Care of Animals at the University of Michigan and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.
Animals
All experiments were performed using follicles, oocytes, or embryos collected from CF1 mice (Harlan, Indianapolis, IN). In regard to embryo culture studies, this strain was purposely selected due to the increased sensitivity to perturbations and reduced robustness in preimplantation embryo development [34] .
Follicle Collection/Culture
For follicle culture experiments, preantral follicles were collected from 13-day-old mice by microdissecting ovaries in HEPES-buffered Human Tubal Fluid medium (HTFH; [35] ; Irvine Scientific, Santa Ana, CA) supplemented with 10 g/ml transferrin (Sigma, St. Louis, MO), 5 g/ml insulin (Sigma), 50 g/ml ascorbic acid (Sigma), and 2 ng/ml selenium (Sigma). Isolated secondary follicles, with an intact basal lamina and surrounding theca/interstitial cells, were placed into culture medium consisting of ␣-MEM (Gibco, Carlsbad, CA) supplemented with 5% fetal bovine serum (Gibco); 4 mM hypotaurine; 2 mM glutamine; 5 g/ml insulin; 10 g/ml transferrin; 2 ng/ml selenium; 50 g/ml ascorbic acid; 50 g/ml gentamicin; 10 ng/ml eCG; 1 ng/ml hCG; and either 0, 50, 100, or 200 ng/ml mouse recombinant leptin (R & D Systems, Minneapolis, MN). The low dose of leptin was selected to mimic leptin levels observed in the obese state. Supraphysiological doses of leptin at 100 and 200 ng/ml were selected based on previous studies examining isolated granulosa and theca cells, some of which include doses of up to 1000 ng/ml leptin [25, 27, 29] . In order to assess follicle/oocyte growth, individual follicles were cultured in 50-l drops covered in oil at 37ЊC in 5% CO 2 in air in a humidified incubator. Media and leptin were replaced every other day for 9 days by removing and replacing 40 l of media.
Follicles and oocytes were measured at 200ϫ on an inverted microscope using a SPOT camera and image analysis software (Diagnostic Instruments, Sterling Heights, MI). Diameters were calculated by taking the average of two measurements, aligned at right angles to each other, passing through the center of the oocyte or follicle.
To assess steroid hormone production/secretion, follicles were cultured in groups of 50/ml in medium supplemented with 0, 50, 100, or 200 ng/ ml leptin. Media and leptin were replaced every other day by removing 900 l of media and replacing it with 900 l media supplemented with 10 ng/ml eCG, 1 ng/ml hCG, and fresh leptin.
Hormone Assays
The progesterone assay was a competitive chemiluminesence immunoassay run on the automated analyzer ACS-180 (Bayer Corp., Tarrytown, NY) with offline incubation. Assays were run using two antibodies, a rabbit antiprogesterone labeled with dimethylacridiniumester (DMAE) and an anti-rabbit IgG covalently coupled to PMP. The reporting range for this assay is 0.1-40 ng/ml. Progesterone standards were confirmed by gas chromatography-mass spectrometry (GC-MS). The testosterone assay was a competitive binding chemiluminesence assay using testosterone labeled with DMAE, a polyclonal rabbit antitestosterone antibody and a monoclonal mouse anti-rabbit antibody, which was coupled to superparamagnetic particles (PMP) modified to run on the ACS-180 analyzer. The reporting range for the testosterone assay was 10-100 ng/dl (actual assay range, 2-478 ng/dl). The ACS testosterone assay was standardized analytically and confirmed by GC-MS. Estradiol levels in media collected from group follicle culture were measured using an ultrasensitive chemiluminesence competitive binding immunoassay [36] modified to run on an ACS-180. The reporting range for the estradiol assay was 1-200 pg/ml. The ACS Estradiol-6-Master Curve standards used in the assay were manufactured and evaluated by GC-MS. Interassay coefficients of variation for progesterone, testosterone, and estradiol assays were 7.3%, 21.6%, and 11.5%, respectively. Intraassay coefficients of variation for progesterone, testosterone, and estradiol were 2.4%, 3.6%, and 2.9%, respectively.
Oocyte Collection/Maturation
For oocyte maturation studies, ovaries were collected from 18-to 22-day-old mice following injection of 10 IU eCG (Sigma). Fully grown germinal vesicle-intact oocytes (GV) were isolated by manual rupturing of antral ovarian follicles in HTFH ϩ 0.3% (w/v) polyvinylpyrrolidine (Sigma). Oocytes were either stripped of cumulus cells through repeat mouth pipetting using hand-pulled pipettes or left with surrounding cumulus cells intact. Oocytes were then distributed between treatments of 0, 12.5, 25, 50, and 100 ng/ml recombinant mouse leptin in human tubal fluid medium (Irvine Scientific) supplemented with 0.3% bovine serum albumin (HTFϩBSA; FisherBiotech, Fair Lawn, NJ) and cultured in groups of 20-30/ml of medium at 37ЊC in 5% CO 2 in air. Stage of nuclear maturation was assessed under 400ϫ after 2 and 18 h of culture.
Embryo Collection/Culture
For embryo collection, 6-to 8-week-old mice were injected with 10 IU eCG followed 44 h later with an injection of 10 IU hCG and placed with a mature CF1 male mouse of known fertility. Presumptive zygotes were collected 18 h later by dissecting oviducts in HTFH medium supplemented with 0.1% (w/v) hyaluronidase to remove surrounding cumulus cells. Zygotes were randomly distributed between treatments of 0, 12.5, 25, 50, and 100 ng/ml leptin in Potassium Simplex Optimized Medium (KSOM) media with glucose and amino acids (Specialty Media, Phillipsburg, NJ) ϩ 0.1% BSA (Serologicals, Kankakee, IL; KSOMϩBSA) and cultured in groups of 20-30/ml of medium at 37ЊC in 5% CO 2 in air. Media and leptin were replaced fresh every day. Embryo development was assessed every 24 h for 96 h.
Statistics
Oocyte maturation and embryo development data were analyzed using the Mantel-Haenszel chi-square test. Oocyte and follicular growth, as well as steroid hormone data, were assessed and overall differences determined using a mixed linear regression model (MLRM). The advantages of this approach are twofold. First, treatments utilized in this study caused a monotonic increase of various outcomes (i.e., the growth rate of the outcomes) and not just on values at particular timepoints, and this model tests for the treatment effect on linear growth rate. Performing separate analyses at individual timepoints would ignore this effect. Second, MLRM analyzes data from all timepoints for a particular outcome in a single analysis and thus has greater power to detect treatment differences than analyzing only data from a particular time point. While the main statistical endpoint from the MLRM is the treatment differences in the growth rate of the outcome, these models also produce estimates of the mean outcome value for each treatment/time point combination, along with 95% confidence intervals around the estimates. Differences in steroid production between treatments at a single time point or between timepoints for a single treatment were performed by comparison of confidence intervals. Oocyte maturation and embryo development experiments were performed in triplicate. Follicle and oocyte measurement experiments were performed in duplicate and follicular steroidogenesis experiments were repeated four times.
RESULTS
The effects of leptin supplementation on mouse follicular and oocyte growth over 9 days were determined microscopically by taking the average of two measurements
Representative micrographs of an individual follicle and enclosed oocyte growth over 9 days of culture. Measurements for growth comparisons were averages of two measurements taken at right angles to one another, through the center of the follicle and oocyte. Follicle and oocyte measurements were taken within the basement membrane and zona pellucida, respectively. Original magnification ϫ200.
FIG. 2. Growth rates of individually cultured (a) mouse follicles and (b)
enclosed oocytes during 9 days of culture in increasing concentrations of mouse recombinant leptin. Increasing concentration of leptin inhibited rate of follicle growth, while it had no effect on rate of oocyte growth as assessed by MLRM, P Ͻ 0.05. Data reported is the mean Ϯ SEM.
at right angles to each other through the oocyte and follicle (Fig. 1) . Supplementation of leptin on individual cultured mouse follicles resulted in an overall decrease in follicle growth over 9 days of culture in a dose-dependent manner, with higher concentrations of leptin inhibiting the rate of growth, P ϭ 0.04 (Fig. 2a) . Leptin did have a treatment effect on oocyte diameter (P ϭ 0.03); however, rates of murine oocyte growth did not differ between leptin treatment groups (Fig. 2b) .
The effect of leptin supplementation on murine in vitro follicular steroidogenesis was also assessed. Mixed linear regression models indicate an overall increase in production of progesterone (P ϭ 0.03; Fig. 3a ), testosterone (P ϭ 0.004; Fig. 3b ), and estradiol (P ϭ 0.005; Fig. 3c ) between treatments over time. Specifically, on Days 7 and 9 of culture, 200 ng/ml leptin resulted in significantly greater testosterone production compared with 0 and 50 ng/ml leptin, P Ͻ 0.05. Treatment with 200 ng/ml leptin also resulted in significantly greater production of estradiol compared with 0 ng/ml leptin on Day 7 and greater estradiol production compared with both 0 and 50 ng/ml leptin on Day 9. Concentrations of 100 ng/ml leptin showed no individual differences in steroid hormone production between treatments within a day. Thus, at 200 ng/ml leptin significantly increased mouse follicular progesterone, testosterone, and estradiol synthesis/secretion.
Oocyte maturation experiments were performed with or without surrounding cumulus cells to determine if effects of leptin on oocyte development are mediated through cumulus cell interactions. Maturation of cumulus cell-enclosed mouse oocytes in the presence of varying doses of leptin had no significant effect on GVBD at either 2 or 18 h of culture (Table 1) . Similarly, metaphase II (MII) development was not significantly affected by leptin. Maturation of denuded mouse oocytes in the presence of leptin also had no significant effect on GVBD at either 2 or 18 h of culture. However, maturation of denuded oocytes in 100 ng/ml leptin resulted in significantly lower development to MII compared with control and 12.5 ng/ml leptin treatment, P Ͻ 0.05 (Table 1) .
To assess the effects of leptin supplementation on mouse embryo development, one-cell mouse embryos were cultured in varying concentrations of leptin for 96 h, with development assessed and media replaced every 24 h (0 ng/ml, n ϭ 79; 12.5 ng/ml, n ϭ 79; 25 ng/ml, n ϭ 80; 50 ng/ml, n ϭ 80; or 100 ng/ml, n ϭ 79). No significant differences were observed in normal cleavage at 24 h after culture in leptin (0 ng/ml, 57%; 12.5 ng/ml, 56%; 25 ng/ ml, 61%; 50 ng/ml, 65%; 100 ng/ml, 54%). In addition, rates of degeneration were not significantly different between treatment groups (0 ng/ml, 8%; 12.5 ng/ml, 7%; 25 ng/ml, 8%; 50 ng/ml, 7%; 100 ng/ml, 13%). Similarly, after 96 h of culture, no differences were observed in development to total blastocyst (0 ng/ml, 38%; 12.5 ng/ml, 39%; 25 ng/ml, 42%; 50 ng/ml, 43%; 100 ng/ml, 27%), expanded blastocyst (0 ng/ml, 15%; 12.5 ng/ml, 6%; 25 ng/ml, 13%; 50 ng/ml, 8%; 100 ng/ml, 7%), or hatched blastocyst (0 ng/ ml, 13%; 12.5 ng/ml, 13%; 25 ng/ml, 10%; 50 ng/ml, 10%; 100 ng/ml, 7%).
DISCUSSION
We have determined that leptin increases insulin and gonadotropin-stimulated follicular progesterone, testosterone, (80) 34 (83) 42 (74) 50 (89) 65 (94) 36 (90) 36 (88) 50 (87) 39 (70) and estradiol production in a dose-dependent manner, with increasing concentrations of leptin increasing steroidogenesis. Indeed, it has been reported leptin can stimulate aromatase activity and estrogen production in granulosa cells [30] and leptin, at 10 ng/ml, can stimulate progesterone production by pig granulosa cells [29] . Furthermore, injection of rats with physiological doses of leptin increases testosterone and progesterone production in the ovary [37] , and administration of leptin elevated StAR levels, suggesting increased steroidogenic capacity [29] . Conversely, other studies indicate elevated leptin levels are inhibitory to insulin or growth factor-stimulated theca and granulosa cell steroidogenesis [15, [25] [26] [27] [28] . These studies utilized single, dispersed culture systems of purified theca or granulosa cells and did not take into account various autocrine and paracrine factors possibly acting within the follicle. Supporting this, leptin was found to inhibit isolated granulosa cell estrogen production; however, no effect was observed on whole rat follicles [31] . Thus, it is evident the model system utilized is an important factor in understanding leptin's influence on follicular function and steroidogenesis.
Contradictory findings exist with respect to leptin's effects on steroidogenesis. As mentioned, some of this can be explained by differences in cell systems utilized for analysis. Our study, conducted with isolated mouse follicles, indicates an increase in insulin and gonadotropin-augmented steroid hormone production in response to increasing levels of leptin. However, a previous report utilizing in vitro-cultured mouse follicles suggests leptin is inhibitory to FSHϩIGF-1-and FSHϩGH-stimulated estrogen production [38] . Caution must be taken when comparing these studies. Culture media and conditions were significantly different between these respective studies; most apparent was the addition of fresh media and leptin every day and the addition of insulin and serum in our culture media. It was previously shown that preculture of cells with serum was necessary for stimulation of steroidogenesis by leptin [30] . Additionally, gonadotropins were absent during the first day of culture in our study. Thus, culture conditions may be an important consideration when determining the effect of leptin on ovarian steroidogenesis. Furthermore, previous studies have only examined leptin's effects on steroidogenesis for relatively short periods of time. Cell culture studies showing an inhibitory effect of leptin on steroidogenesis often only examine hormone production for up to 4 days. These reports indicate leptin does not alter basal steroidogenesis, yet inhibits augmented steroid production [39] . A previous report on follicular steroidogenesis indicated leptin had no effect on progesterone or estradiol production [31] . However, follicles in the study were only cultured for 4 h. Our study indicates changes in steroid hormone production did not become apparent until extended periods of culture, beyond 4 days. Visual assessment indicated no differences in atresia or early luteinization between treatment groups that might account for this difference. Therefore, extended culture periods may be required to elicit or recognize leptin's stimulatory effect on follicular steroid production.
A clinically relevant question concerning this observed increase in follicular steroidogenesis in response to increased leptin concentrations can be raised when considering the relationship between obesity and reproduction.
Obesity is an extremely common clinical characteristic in women affected by polycystic ovarian syndrome (PCOS). In 1990, the National Institutes of Health defined the diagnostic criteria for PCOS as presence of hyperandrogenism and chronic oligo-anovulation, with the exclusion of hyperandrogenism caused by adult-onset congenital adrenal hyperplasia, hyperprolactinemia, and androgen-secreting neoplasms [40] . Approximately 50% of women afflicted with PCOS are overweight or obese [41] , and a history of weight gain frequently precedes symptoms of PCOS. Numerous investigations have focused on the impact of obesity on the hyperandrogenic state in women with PCOS and a possible link with leptin [42] [43] [44] [45] . Obese PCOS women have significantly worsened hyperandrogenism compared with their normal-weight PCOS counterparts [46] , and a positive correlation has been demonstrated between body fat mass and circulating androgens [41, 47] . Obese women that are placed on a low caloric diet and demonstrate a significant reduction in body mass index also have a significant reduction in free testosterone and androstenedione [48] . It is well documented that adipocytes secrete leptin [2, 3] and that body mass index and serum leptin levels are highly positively correlated [4, 8] . Undoubtedly, numerous factors contribute to the pathophysiology of hyperandrogenism in obese PCOS women. However, our findings of leptin significantly stimulating in vitro follicle production/ secretion of testosterone raise the question of whether serum leptin levels are a contributing factor to hyperandrogenism in obese PCOS patients. Further studies are required to determine the leptin contribution to hyperandrogenism and the mechanism by which this adipose-derived protein influences ovarian steroid production.
These studies have demonstrated that leptin inhibits mouse follicular growth rate but increases steroidogenesis. This inhibition is in agreement with a previous report of increased levels of leptin being inhibitory to growth in preantral follicles isolated from adult and prepubertal mice thought to be a result of a block in the cAMP pathway [38] . Alternatively, increased steroid hormone levels, seen in our examination of follicular steroidogenesis, may result in decreased follicle growth. Elevated androgen levels cause follicular atresia in rodents and enhance granulosa cell apoptosis [49, 50] . Androgens also prevent induction of LH receptor expression and appear to act at multiple levels to inhibit ovarian follicular growth and development [51] . However, contradictory information exists as to the stimulatory or inhibitory effects of steroid hormones on ovarian follicles [52] . Because this is a follicle culture system, without hypothalamic/pituitary feedback, the physiological relevance of the correlation is uncertain.
Although leptin and its receptor are found within the oocyte, it has been suggested this protein hormone is not required for normal oocyte development. Oocytes from ob/ ob leptin-deficient mice are able to undergo normal fertilization and embryo development, resulting in pregnancy and live birth, following transplant to a normal surrogate [53] . Additionally, treatment of ob/ob females with exogenous gonadotropins allows for successful ovulation, fertilization, and embryo development [54] , suggesting the sterility defect in these obese mice is not at the level of the oocyte. Supporting this notion, in vitro maturation of isolated cumulus-enclosed mouse oocytes in the presence of leptin had no effect on nuclear maturation endpoints examined in our study. Also, oocytes isolated from mouse follicles cultured in vitro for 9 days in the presence of varying concentrations of leptin had no effect on GVBD or MII following in vitro maturation (data not shown). Similarly, rat oocyte meiotic resumption was not affected by the presence of leptin [31] . However, leptin has been reported to increase the rate of GVBD in mouse oocytes cultured within preovulatory follicles [20] . Again, these apparent contradictions may be due to differences in culture systems utilized. However, isolated denuded oocytes showed a significant decrease in development to MII in the highest dose of leptin. This may be due to a lack of critical interactions with surrounding cumulus cells, resulting in compromised developmental competence [55] . Furthermore, although not examined in this study, leptin may still be exerting some unobserved effect on oocyte cytoplasmic maturation.
Few previous studies have reported on leptin's effects on in vitro embryo development. We have shown addition of leptin to one-cell mouse embryos at varying doses had no effect on subsequent cleavage or cell degeneration at 24 h. Furthermore, no difference in blastocyst, expanded blastocyst, or hatched blastocyst numbers were observed in increasing concentrations of leptin. However, previous reports have found positive and negative effects of leptin on preimplantation embryo development. It has been reported that increasing doses of leptin during mouse embryo culture enhances development to various blastocyst stages [21] . Conversely, an elevated leptin:BMI has been found to be predictive of inferior quality embryos [33] . Thus, experimental conditions may be important in assessment of leptin's role in preimplantation embryo development. Additionally, it has been previously suggested that leptin, along with STAT3, may be important factors in establishment of cell polarity and delineation of the inner cell mass and trophectoderm in preimplantation embryos [22] . Therefore, although leptin does not appear to be affecting embryo cleavage or subsequent blastocyst development, it may influence intrablastocyst cell distribution and subsequent postimplantation embryo development.
The purpose of this research was to determine direct effects of leptin on mouse reproductive function and attempt to reconcile conflicting results found in the literature. We have shown leptin does indeed have a direct effect on the follicle, thereby increasing augmented follicular steroid hormone production. However, it does not appear that leptin directly affects oocyte maturation of oocyte-cumulous complexes or preimplantation embryo development. This research may have potential clinical implications in explaining and treating infertility associated with aberrant androgen levels in obese human females and those experiencing PCOS.
